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From a fundamental and application point of view it is of importance to understand how charge 
carrier generation and transport in a conjugated polymer (CP):fullerene blend are affected by the 
blend morphology. In this work light-induced electron spin resonance (LESR) spectra and transient 
ESR response signals are recorded on non-annealed and annealed blend layers consisting of alkyl 
substituted thieno[3,2-b]thiophene copolymers (pATBT) and the soluble fullerene derivative [6,6]- 
phenyl-C61-butyric acid methyl ester (PCBM) at temperatures ranging from 10 to 180 K. Annealing 
of the blend sample leads to a reduction of the steady state concentration of light-induced PCBM 
anions within the blend at low temperatures (T = 10 K) and continuous illumination. This is 
explained on the basis of the reducing interfacial area of the blend composite on annealing, and the 
high activation energy for electron diffusion in PCBM blends leading to trapped electrons near the 
interface with the CP. As a consequence, these trapped electrons block consecutive electron transfer 
from an exciton on a CP to the PCBM domain, resulting in a relatively low concentration charge 
carriers in the annealed blend. Analysis of the transient ESR data allows us to conclude that in 
annealed samples diamagnetic bi-polaronic states on the CPs are generated at low temperature. The 
formation of these states is related to the generation and interaction of multiple positive polarons 
in the large crystalline polymer domains present in the annealed sample. 



I. INTRODUCTION 

Soluble conjugated polymers (CPs) are intensively in- 
vestigated for application in molecular optoelectronics as 
they can be processed by low cost solution-based tech- 
niques such as ink-jet printing or spin coating. The 
possibility to realize efficient light-induced generation of 
free charges in conjugated polymer:buckminster fullerene 
composites is of great promise for use in so-called bulk 
heteroj unction (BHJ) solar cells 1-6 . BHJ solar cells 
based on CPs and fullerene derivatives reach photovoltaic 
power conversion efficiencies of more than 8% 7 . Due to 
the low dielectric constant of these polymers, absorp- 
tion of a photon leads predominantly to formation of a 
strongly bound electron-hole pair denoted as exciton. In 
order to convert the exciton efficiently into charge carri- 
ers, the CP is blended with a strong electron acceptor, 
e.g. [6, 6]-phenyl-C61-butyric acid methyl ester (PCBM) 8 . 
After electron transfer from the polymer to PCBM a 
charge transfer state is formed. To escape from recombi- 
nation the electron and hole must consecutively dissoci- 
ate to form free charge carriers, so that collection by the 
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electrodes can occur. 

For blends containing crystalline polymer or fullerene 
domains it has been suggested that in the absence 
of electrodes light-induced charge carriers populate the 
crystalline domains 9-11 . Generation of multiple radical 
cations on CPs might lead to the formation of singlet bi- 
polaronic states as has been reported to occur both ex- 
perimentally 12-16 and theoretically 17 . Such a bi-polaron 
consists of two similar spin 1/2 charges associated with 
a strong lattice distortion 18 . 

From fundamental and application point of view it is 
of importance to understand how the nanomorphology 
of the blend affects the above processes of blend lay- 
ers. For blends of poly(alkyl-thiophcne) analogues with 
PCBM much information on the photophysical processes 
is obtained from (time-resolved) optical, microwave and 
terahertz studies 11,19-21 . However, demonstration of 
e.g. the formation of bi-polarons using these techniques 
is not conclusive 14 . To elucidate whether bi-polarons 
are formed in bulk heteroj unction blends we applied 
light-induced electron spin resonance techniques (LESR) . 
LESR allows detailed study of the formation and decay of 
paramagnetic species such as positive and negative po- 
larons and triplets. Investigations using LESR on the 
formation of positive polarons on the CPs and fullerene 
anions have been carried out for a number of different 
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blends consisting of a fullcrcnc or fullerene derivative 
mixed with ppy 22 ~ 25 , with oligo alkylthiophenes 26 or 
poly(3-alkylthiophene) (P3AT) 24,27-32 and with polyflu- 
orene derivatives 33 . From microwave intensity dependent 
measurements of the partially overlapping LESR signals 
observed in thiophene related:PCBM blends, it was in- 
ferred that mainly weak-interacting charge carriers are 
formed 22 . 

A complicating factor for the interpretation of LESR 
spectra from e.g. P3HT:PCBM blends arises from the 
presence of a persistent ESR signal, which is attributed 
to the long-lived population of deep traps on the poly- 
mer 34 . Substituted poly(thieno[3,2-6]thiophenes) copoly- 
mers have a ca. 0.3 eV higher oxidation potential (higher 
ionisation potential) than P3ATs, which make them more 
stable for oxidation 35 . For this reason it is expected 
that the persistent ESR signal of thicnothiophenes blends 
will be much smaller than those of P3ATs blends. This 
work aims at describing the effect of the morphology on 
the photophysical products generated on illumination of 
blends consisting of pATBT as electron donor and PCBM 
as electron acceptor in a 1 to 1 weight ratio (see Fig. 1 for 
molecular structure). In particular we study the forma- 
tion of diamagnetic bi-polaronic species in these blends. 
The morphology of the blend is manipulated by annealing 
as has been studied previously in detail 36 . In that work it 
was found that spin-coated pATBT:PCBM blends from 
dichlorobenzene show randomly sized features of 5-20 nm 
as determined from TEM images. This phase segrega- 
tion could be increased by additional thermal annealing 
yielding large 50-100 nm sized PCBM domains, with a 
crystalline nature as concluded from XRD measurements. 
The nanomorphology of the annealed blends shows clear 
similarities with P3HT:PCBM blends 11 ' 21 - 36 ' 37 . Here we 
present LESR spectra recorded at temperatures vary- 
ing from 10 K up to 180 K under continuous illumi- 
nation at 488 nm. From the spectra of the annealed 
pATBT:PCBM blend (pATBT:PCBM AN ) it is inferred 
that at 10 K diamagnetic bi-polarons are formed, while 
this process does not occur in the non-annealed sample 
(pATBT:PCBM NA ). As observed from time-dependent 
LESR measurements recorded at 180 K, the decay of 
charges is much slower for the pATBT:PCBMan indi- 
cating that annealing positively effects the formation of 
long-lived light-induced charge carriers of importance for 
photovoltaic applications. 



II. EXPERIMENTAL 

The polymer was synthesized as previously reported 35 . 
Molecular weight determinations were carried out in 
chlorobenzene at 60 °C on an Agilent 1100 series 
HPLC using two Polymer Laboratories mixed B columns 
in series and were calibrated against narrow weight 
PL polystyrene calibration standards. The molecular 
weights for pATBT-Ci 6 were: M n 36 300 g mol" 1 and 
M w 86 600 g mob 1 . 



Solution mixtures of the copolymer and PCBM con- 
taining 8 mg ml -1 polymer were prepared in a nitrogen 
glovebox by dissolving the compounds in 1 : 1 weight ra- 
tio in 1,2-dichlorobenzene (ODCB) and stirring overnight 
at a temperature of 50 °C. Typically 150 microlitres of 
the blend solution was transferred into a 4 mm diameter 
quartz ESR tube. The tube was connected to a vacuum 
line to evaporate the solvent, while keeping the sample 
at room temperature. After reaching a pressure below 
10~ 2 mbar the tubes were sealed using a blow torch. To 
anneal, samples were heated on a hot plate for 25 minutes 
at 130 °C. LESR spectra were recorded using a modified 
X-band spectrometer (Bruker, ER200D) with an opti- 
cally accessible microwave cavity (Bruker, ER4104OR). 
The g-factor was calibrated for each measurement using 
a high precision NMR-Gaussmeter (Bruker, ER035M) 
and a microwave frequency counter EIP 28b. During 
the transient LESR measurements the spectral position 
(g-factor) was stabilized by a field- frequency- lock unit. 
For each temperature dependent measurements samples 
were cooled from room temperature down to the desired 
temperature using a He flow cryostat (Oxford ESR900), 
followed by recording the spectrum in the dark. For illu- 
mination an Ar Ion laser was used (Melles Griot, 43SE) 
yielding 488 nm with an intensity of 12 mW unless oth- 
erwise stated. At this wavelength the polymer absorbs 
a large fraction of the incident light. First derivative 
spectra were recorded using a 100 kHz magnetic field 
modulation of 2 Gauss. 



III. RESULTS AND DISCUSSION 

Samples containing only the pure polymers were tested 
for their dark and light-induced ESR signal. In contrast 
to typical ESR signals obtained for different batches of 
P3ATs the poly-thienothiophene copolymer, pATBT, 
shows only very modest dark and light-induced ESR sig- 
nals (data not shown). As reported in the literature 
for pure PCBM no dark signal is found, while only a 
weak LESR signal is observed 22 . For non-annealed and 
annealed blend samples, the dark first derivative ESR 
spectra at 80 K were recorded, showing only a small sig- 
nal as shown in Fig. 1. On illumination a dramatic en- 
hancement (>10 times) of the ESR signal is detected for 
both blends. The spectra show two overlapping LESR 
signals with g-factors close to 2.002 and 2.000 indica- 
tive for the presence of radical cation on the polymer, 
denoted hereafter as polaron, and of a PCBM anion, 
respectively. Similar g-factor values were reported for 
P3AT:PCBM blends 24 ' 32 ' 38 . To investigate the depen- 
dence of both LESR signals on the microwave intensity, 
LESR spectra were recorded at different microwave pow- 
ers (see Supporting Information A for measurements at 
80 K). Independent of the blend system the ESR signal 
at g = 2.002 corresponding to the polaron goes through 
a maximum on increasing microwave power, indicating 
that saturation occurs. For the PCBM anion almost no 
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FIG. 1. LESR spectra of non-annealed (blue) and annealed 
(red) 1 : 1 pATBT : PCBM blends recorded on continuous 
excitation at 488 nm using a microwave power of 0.06, 2, 2 
and 20 mW at 10, 80, 150 and 180 K, respectively. At 80 K 
also dark spectra (dashed lines) are shown. Inset shows the 
molecular structure of pATBT. 



saturation occurs, which has been attributed to the much 
shorter spin relaxation times for the PCBM anion. Simi- 
lar dependencies for the polaron and PCBM anion are re- 
ported for P3AT:PCBM blends 38 . For the spectra shown 
in Fig. 1 saturation of LESR signals was suppressed by 
choosing a sufficiently low microwave power at each tem- 
perature. 
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FIG. 2. Normalised transient response of the ESR signal for 
both samples recorded at a g-factor of 2.0035 (positive po- 
laron, green) and at g = 1.9995 (PCBM anion, black). The 
laser excitation at 488 nm was blocked after 60 s and switched 
on after 180 s. A microwave power of 0.06 mW was used for 
measurements at 10 K, 2 mW at 80 K and 60 mW at 180 K. 
For the latter temperature only the ESR signal at a g-factor 
of 1.9995 is shown. 



Due to different spin lattice relaxation times for the 
electron on the PCBM and the hole on the polymer, the 
sizes for their (integrated) ESR signals are different 39 . 
Hence generation of an equivalent number of holes and 
electrons does not (have to) yield similar ESR intensities. 
Since the spin-lattice and spin-spin relaxation times are 
also a function of temperature, a straightforward com- 
parison of the LESR signal sizes can hence only be made 
for measurements recorded at the same temperature and 
the same radical species. The ratio between the signal 
sizes at g = 1.9995 corresponding to the PCBM anion 
of the pATBT:PCBM NA and pATBT:PCBM AN changes 
from 11 at 10 K, to 3.8 at 80 K, 1.6 at 150 K to a ra- 
tio of 0.68 at 180 K (Fig. 1). Since the optical absorp- 
tion of both samples at the used excitation wavelength 
is very similar, the large differences found in the LESR 
signals cannot be ascribed to differences in optical ab- 
sorption. Dissimilar relaxation times for the signal at 
g = 1.9995 of both samples, as has been suggested previ- 
ously for P3AT:PCBM samples 32 is also not likely, since 
the dependencies of the LESR signal on the microwave 
intensity show a similar behaviour. Therefore we con- 
clude that the changing ratio between both samples at 
g = 1.9995 is due to differences in the steady state PCBM 
anions concentrations. Since both samples contain the 
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same compounds, it is concluded that the morphologies 
of both samples are responsible for the differences in con- 
centration and hence the observed ESR signal height. 
First, we discuss the much higher signals observed for 
the pATBT:PCBMna sample than for the correspond- 
ing annealed sample at 10 and 80 K. This observation is 
surprising since from transient absorption and microwave 
conductivity measurements it is inferred that the lifetime 
for light induced charge carriers is enhanced on annealing 
for pATBT:PCBM and for P3AT:PCBM blends 19 ' 36 . Yet 
we explain the present data on the basis of the following 
model: the more molecularly mixed pATBT:PCBMna 
composite features a large interfacial area between both 
compounds. On illumination, charge transfer states are 
formed efficiently at this interface. Secondly, due to the 
temperature activated hopping- like transport of electrons 
in PCBM at 80 K and lower 21,40 , electrons are immobile 
and hence trapped closely to the interface. Finally, it 
is assumed that recombination of an interfacial charge 
transfer state is slow at low temperatures. For these 
reasons a relatively high steady state concentration of 
charges in the pATBT:PCBMn A composite at low tem- 
peratures is found. In contrast the annealed sample con- 
tains large crystalline domains, leading to a much smaller 
interfacial area within the composite. The presence of 
electrons residing in the proximity of the interface will 
retard consecutive electron transfer from an additionally 
excited polymer to PCBM domain. Hence the LESR sig- 
nal intensity is reduced in the annealed pATBT:PCBM 
blend w.r.t. the non-annealed sample. At higher temper- 
atures (150 K and 180 K) the signal sizes at g = 1.9995 
of the non-annealed and annealed sample are similar. At 
these temperatures the electrons are able to diffuse away 
from the interface with the polymer resulting in similar 
concentrations of PCBM anions in both blends. 

To investigate the effect of the morphology of the blend 
on the transient response of the ESR signal, the samples 
were measured at a fixed magnetic field coinciding with 
the transition of either the polaron or of the PCBM an- 
ion. Typically on cessation of the laser light after 60 sec- 
onds of illumination a drop of the LESR signal was ob- 
served as shown in Fig. 2. After 180 s the laser was 
switched on again resulting in a rise of the ESR signal. 
These experiments could be repeated multiple times at 
different temperatures and light intensities, showing the 
excellent stability of the blend samples. The LESR sig- 
nals were normalized to unity for the duration of the 
first 60 s. For the measurements carried out at 80 K 
both samples show on blocking the laser beam a relative 
fast decay occurring within 10 seconds. Note that the re- 
sponse time of our set-up of 0.1 s, as determined by the 
time constant of the lock-in amplifier, could significantly 
affect the temporal shape of the fast decay and rise of 
the transient ESR signal. The fast decay is followed by a 
slower decay which extends over hundreds of seconds. For 
blends of a PPV derivative and PCBM decay constants 
exceeding hours have been reported 25 . Clearly, at 80 K 
the transient signal of the polarons and of the PCBM 



anions overlap perfectly. This overlap indicates the for- 
mation (and recombination) of a positive polaron on the 
polymer and a PCBM anion are coupled processes, i.e. 
their stoichiometric ratio is 1. The recombination process 
is given by: 

pATBT+ + PCBM" -> pATBT + PCBM (1) 

At 10 K again an apparent overlap between the tran- 
sient ESR signals of the positive polaron and PCBM an- 
ion of the pATBT:PCBM NA sample is visible (Fig. 2, 
upper left). Surprisingly at 10 K the signals for the an- 
nealed blend do clearly not coincide (Fig. 2, upper right). 
More specifically, the polaron signal does not exhibit a 
fast decay on cessation of the light; on the contrary a 
small rise can be discerned over the first few seconds, fol- 
lowed by a slow decay over hundreds of seconds. The fact 
that transients do not overlap can only be explained by 
the presence of polaronic states on the CP, which can- 
not be observed by ESR i.e. are diamagnetic. A possible 
explanation might be the formation of bi-polarons in the 
annealed pATBT:PCBM blend on illumination at 10 K. 
Recombination of the bi-polaron proceeds via the forma- 
tion of a polaron given by process 2: 

pATBT 2+ + PCBM" -> P ATBT+ + PCBM (2) 

followed by process 1. The consecutive processes for 
the decay of the bi-polaron explain the initial small rise 
observed for the positive polaron on the annealed sample 
at 10 K. 

To investigate the formation of bi-polarons in 
more detail similar transient ESR responses of the 
P ATBT:PCBM A n blend at 10 K were recorded using 
laser intensities varying from 1 mW up to almost 60 mW. 
(see Supporting Information B) It turns out that the dif- 
ferences between the transient ESR signals of the polaron 
and of the PCBM anion become more pronounced on in- 
creasing the laser intensity. This observation suggests 
that on higher light intensities the ratio of bi-polarons to 
polarons in the pATBT:PCBMan sample increases. 

In order to confirm if bi-polarons are formed LESR 
spectra of pATBT:PCBMan using differing light intensi- 
ties were recorded. From these spectra the signal heights 
at 1.9995 and at 2.0035 corresponding with the transi- 
tions of the PCBM anion and the polaron, respectively, 
are plotted in Fig. 3 as a function of the incident laser 
power in a double logarithmic representation. The sig- 
nals were normalized to unity at a laser power of 1 mW. 
As shown in Fig. 3A for the pATBT:PCBM NA sample 
the increase in the signal size on the laser power follows a 
power law: Signal = cIq. Values for a amount for both 
charge carriers to 0.121. This similarity indicates again 
that the increments in concentration of both charge car- 
riers are equal and seem to be coupled. Similar observa- 
tions have been made previously for other blends 22 ' 25,38 . 
For pATBT:PCBMan a similar value of a amounting to 
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FIG. 3. Dependence of the LESR signals of pATBT:PCBM NA and pATBT:PCBM AN at 10 K at g = 1.9995 and g = 2.0035 
as a function of the used laser intensity. The intensities of the polaron ESR signals were adjusted in order to overlay with the 
values of the PCBM for the lowest light intensity used. 



0.117 is observed for the PCBM anions (Fig. 3B). How- 
ever, for the polaron signal a clear deviation is noticeable. 
This observation again indicates that at high intensities 
corresponding to high charge carrier concentrations, the 
LESR intensity saturates, which can be attributed to the 
fact that in addition to polarons bi-polarons are formed. 
In contrast, for the pATBT:PCBMna this deviation is 
not observed indicating that the ratio of bi-polarons to 
polarons is much smaller in comparison to the annealed 
sample. 

For oligo and poly alkyl thiophenes bi-polarons have 
been observed previously using ESR 13,41 . A possible ex- 
planation for the formation of bi-polarons in the annealed 
sample is related with the presence of the large crystalline 
domains. On light induced electron transfer from the 
polymer to the PCBM molecule, the polarons might dif- 
fuse towards the crystalline domains and pile up in these 
domains, leading to the formation of bi-polarons. 

In the non-annealed blend the absence of crystalline 
polymer domains forces the polarons to reside in close 
proximity of their oppositely charged counterpart. A 
similar conclusion has been made by Lane et al. ob- 
serving bi-polarons in ordered sexithiophenes 42 . Interest- 
ingly, increasing the temperature from 10 to 80 K leads 
to disappearance of the bi-polarons as can be concluded 
from Fig. 2. This would mean that the activation en- 
ergy for the transition from a bi-polaron to two param- 
agnetic polarons would be in the order of several meV, 
which is in agreement with reported values for poly(alkyl 
thiophene) related materials 43,44 . Recently, Behrends 
et al. reported the formation of positive bi-polarons in 
a poly(phenylvinylene) derivative:PCBM blend even at 
room temperature 15 . Additionally, Marumoto et al. 
showed, that field-induced positive bi-polarons in P3HT 
MIS-diodes are detectable 16 . Possible reasons for ex- 
plaining the changed temperature behaviour of the bi- 
polarons include the different materials and measurement 
techniques resulting in high charge carrier densities. 

In Fig. 2 the transient ESR signals of PCBM an- 
ion (g = 1.9995) at 180 K are included. For the 



pATBT:PCBM NA blend the ESR signal vanishes almost 
completely on blocking the laser beam. In contrast, for 
the pATBT:PCBMan the signal partially remains, indi- 
cating that long-lived charge carriers have been formed 
under illumination. Apparently, the crystalline domains 
in the annealed sample partially retard the electron hole 
recombination process. A reason for this might be that 
for recombination the charge carriers have to move out of 
the crystalline domains, which is an energetically uphill 
process. This is in agreement with previous photocon- 
ductance measurements on blends of P3HT:PCBM n ' 45 . 



IV. CONCLUSIONS 

In this paper we have shown the effects of the nanomor- 
phology within a blend consisting of a thicnothiophene 
copolymer and PCBM, on the processes occurring on op- 
tical excitation. From the LESR spectra and transient 
response signals recorded at various temperatures rang- 
ing from 10 to 180 K, the following observations were 
made. Annealing lowers the steady state concentration 
of light-induced charge carriers. Secondly, in annealed 
samples diamagnetic bi-polaronic states on the CPs are 
generated at 10 K. On increasing the light intensity the 
ratio of bi-polarons to polarons increases. Finally, only in 
annealed samples long-lived charge carriers are generated 
at 180 K 

All these observations are explained on the basis of 
the following reasoning. The interfacial area in a blend 
composite diminishes substantially on annealing. This 
issue has been reported previously for similar blend com- 
posites using TEM. The temperature activated hopping 
like transport of electrons in PCBM leads below 80 K 
to immobile electrons near the interface with the poly- 
mer. This assumption is in line with the temperature de- 
pendent mobility measurement of excess charges in poly- 
crystalline PCBM. A major consequence is that these im- 
mobile electrons at the interface with a polymer domain 
block consecutive electron transfer from an exciton on a 
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CP to the PCBM domain. At temperatures above 150 K 
the excess electrons on PCBM are able to diffuse away 
from the interface with the polymer resulting in similar 
concentrations of PCBM anions in both blends (NA and 
AN) . We believe that most of the observed processes are 
also occurring in blends consisting of other compounds 
provided that the conjugated polymer forms crystalline 
domains. 



ACKNOWLEDGMENTS 

O.P. was supported as part of the ANSER Center, an 
Energy Frontier Research Center funded by the U.S. De- 
partment of Energy, Office of Science, Office of Basic 
Energy Sciences under Award Number DE-SC0001059. 
A.S.'s, H.K.'s and V.D.'s work was financially supported 
by the German Research Council (DFG) under contracts 
DY18/6-2 and INST 93/557-1. 

SUPPORTING INFORMATION AVAILABLE 

This material is available free of charge via the Internet 
at www.rsc.org. 



Mat. Res., 19, 1924 



1 H. Hoppe and N. S. Sariciftci, ,T. 

I , ( 2004 )l . 

S. Giines, H. N eugebauer, and N. S. Sariciftci, Cliem . Rev.,| 

107, 1324 (2007)| 

P. W. M. Blo m, V. D. Mihailetchi, L. J. A. Koster, and 
D. E. Markov, [Adv. Mater., 19, 1551 (2007)1 
4 C. J. Brabec, V. Dyakonov, and U. Scherf, Organic Pho- 
tovoltaics, Materials, Device Physics, and Manufacturing 
Technologies (Wiley VCH: Weinheim, Germany, 2008). 
" T. M. Clarke and J. R. Durrant, |Chem. Rev., 110, 67361 
(2010) 



20 



R. A. Marsh, J. M. Hodgkiss, S. Albert-Seifried, and R. H. 



C. Deibel and V. Dyakonov, Rep. Prog. Phys., 73, 096401 
(2010)| 



L<1 J. A. E. H. van Haare, E. E. Havinga, J. L. J. van Dongen, 
R. A. J. Janssen, J. Cornil, and J.-L. Bredas, Chem. Eur. 
J., 4, 1509 (1998)| 



10 J. Behrends, A. Schnegg, K. Lips, E. Thomsen, A. Pandey, 
I. Samu el, and D. Keeble, |Phys. Rev. Lett , 105, 176601| 



(2010) 

K. Marumoto, Y. Nagano, T. Sakamoto, S. Ukai, H. Ito, 
and S. Kuroda, Colloids and Surfaces A: Physicochem. 
Eng. Aspects, 284, 617 (2006) 



M. Lim a and G. Magela e Silva, |Phys. Rev. B, 7 4, 224304 



(2006) 



±a J.-L. Bredas and G. B. Street, |Acc. Chem. Res., 18, 309 



(1985)| 

la T. M. Clarke, F. C. Jamieson, and J. R. Durrant, |j. Phys. 



Chem. C, 113, 20934 (2 009) 



Friend, |Nano Lett., 10, 923 (2010) 
21 W. Grzegorczyk, T. Savenije, 1 



Dykstra, J. Piris, 
J. Schi ns, and L. Siebbeles, |J. Phys. Chem C, 114, 5182| 
(2010)1 

V. Dyakonov, G. Zoriniants, M. Scharber, C. Brabec, 
R. Janssen, J. Hummelen, and N. Sariciftci, |Phys. Rev.| 



B, 59, 8019 (1999) 

J. D. Ceuster, E. Goovaerts, A. Bouwen, J. C. Hummelen, 
and V. Dyakonov, Phys. Rev. B, 64, 1 (2001)| 
24 A. Aguirre, P. Gast, S. Orlinskii, I. Akimoto, E. J. J. Groe- 
nen, H. El Mkami, E. Goovaerts, and S. Van Doorslaer, 



' M. A. Green, K. Emery, Y. Hishikawa, W. Warta, and 
E. D. Dunlop, Prog. Photovolt: Res. Appl., 19, 565 (2011) 

8 B. A. Gregg, J. Phys. Chem. B, 107, 4688 (2003) 

9 T. M. Clarke, A. M. Ball antyne, J. Nelson~D D. C 
Bradley , and J. R. Durrant, [Adv. Funct. Mater., 18, 4029| 
(2008)| 

lu T. Savenije, J. Kroeze, M. Wienk, J. Kroon, and J. War- 
man, |Phys. Rev. B, 69, 155205 (2004J1 
T. J. Savenije, J. E. Kroeze, X. Yang, and J. Loos, |Adv.| 
Funct. Mater , 15, 1260 (2005)1 
- M. No wak, S. D. D. V. Rughooputh, S. Hotta, and A. J. 

Heeger, |Macromolecules, 20, 965 (1987)| 
13 D. Fichou, G. Horowitz, B. Xu, and F. Gamier, Synth. 
Met., 39, 243 (1990)| 



Phys. Chem. Chem. Phys. 10, 712 9 (2008) 
N. Schultz, M. Scharber, C. Brabec, and N. Sariciftci, 
|Phys. Rev. B, 64, 245210 (2001)| 

R. Janssen, M. Christiaans, K. Pakbaz, D. Moses, J. C. 
Hummelen, and N. S. Sariciftci, J. Chem. Phys., 102, 
2628 (199571 

S. Sensf'uss, A. Konkin, H.-K. Roth, M. Al-Ibrahim, 
U. Zhokhavets, G. Gobsch, V. I. Krinichnyi, G. Nazmut- 
dinova, and E. Klemm, [Synth. Met., 137, 1433 (2003)1 
28 S. Kuroda, K. Marumoto, T. Sakanaka, N. Takeuchi, 
Y. Shimoi, S. Abe, H. Kokubo, and T. Yamamoto, Chem. 
Phys. Lett., 435, 273 ^2007) 



K. Marumoto, Y. Muramatsu, and S. Kuroda, Appl. Phys. 
Lett., 84, 1317 (2004)| 



30 K. Marumoto, N. Takeuchi, and S. Kuroda, Chem. Phys. 

Lett., 382, 541 (200371 
Jl V. I. Krinichnyi, H.-K. Roth, S. Sensfuss, M. Schrodner, 

and M. Al-Ibrahim, |Physica E, 36, 98 (2007)1 
12 V. I. Krinichnyi, E. I. Yudanova, and N. N. Denisov, J. 



Chem. Phys., 131, 044515 (2009) 
K. Marumoto, M. Kato, H. Kondo, S. Kuroda, N. C. 
Greenham, R. H. Friend, Y. Shimoi, and S. Abe, Phys. 
Rev B, 79, 245204 (2009)j 

34 L. Smilowitz, N. S. Sa riciftci, R. Wu, C. Gettinge r, A J. 
Heeger, and F. Wudl, |Phys. Rev. B, 47, 13835 (1993)| 

35 I. Mcculloch, M. Heeney, M. L. Chabinyc, D. De- 
Longchamp, R. J. Kline, M. Colle, W. Duffy, D. Fis- 
cher, D. Gundlach, B. Hamadani, R. Hamilton, L. Richter, 
A. Salleo, M. Shkunov, D. Sparrowe, S. Tierney, and 
W. Zhang, |Adv. Mater., 21, 1091 (2009)1 



7 



36 W. J. Grzegorczyk, T. J. Savenije, M. Heeney, S. Tierney, 
I. Mcculloch, S. v. Bavel, and L. D. A. Siebbeles, J. Phys. 



Chem. C, 112, 15973 (2008) 



37 X. Yang, J. Loos, S. C. Veenstra, W. J. H. Verhees, M. M. 
Wienk, J. M. Kroon, M. A. J. M ichels, and R. A. J. 
Janssen, | Nano Lett., 5, 579 (2005)| 

38 K. Marumoto, |Synth. Met., 129, 239 (2002)| 

39 J. A. Weil and J. R. Bolton, Electron Paramagnetic Res- 
onance, Elementary Theory and Practical Applications 
(2008). 

40 M. de Haas, J. Warman, T. Anthopoulos, and 



D. de Leeuw, Adv. Funct. Mater., 16, 2274 (2006) 



41 G. Horowitz, A. Yassar, and H. von Bardeleben, Synth. 

Met., 62, 245 (1994)] 
^ P. Lane, M. Liess, X. Wei, J. Partee, J. Shinar, A. Frank, 

and Z. V. Vardeny, |Chem. Phys., 227, 57 (1998)] 

43 G. Cik, L. Dlhan, F. S ersen, T. Plecemk, and I. Cerven, 
|Synth. Met., 159, 6131 

44 A. Kadashchuk, A. Vakhnin, I. Blonski, D. Beljonne, 
Z. Shuai, J. L. Bredas, V. I. Arkhipov, P. Heremans, E. V. 
Emelianova, and H. Bassler, Phys. Rev. Lett., 93, 066803 
(2004)| 

w P. A. C. Quist, T. J. Savenije, J. M. Sc hins, J. E. Kroeze, 
P. A. Rijkers, and L. D. A. Siebbeles, |Phys. Rev. B, 75, | 
195317 (2007)| 



